Introduction {#s1}
============

Cell polarity is intimately related to vesicle sorting, which ensures the delivery to and removal from the appropriate membrane proteins to the correct territories on the cell surface, and maintains the distinct properties and functions of these territories. The machineries involved in polarization and vesicle traffic are each understood in molecular detail, but our knowledge of their interactions with one another, and their cross-regulation, remains rudimentary. The PAR proteins, plus several other polarity proteins including Lgl and the Cdc42 GTPase, have been implicated in control both of apical protein traffic and E-cadherin endocytosis from adherens junctions while, in a reciprocal fashion, vesicle sorting proteins, including several Rabs, are required for normal localization of the polarity proteins [@pone.0051130-Georgiou1]--[@pone.0051130-Balklava1]. Although Par3 can bind to the exocyst complex [@pone.0051130-Lalli1], and Lgl associates with syntaxins [@pone.0051130-Musch1], the underlying mechanisms for the interplay between these two machineries remain unclear. Scrb is required for clustering of synaptic vesicles at synapses [@pone.0051130-Moreau1], [@pone.0051130-Sun1] and over-expressed Scrb, through a β-PIX:GIT1:ARF6 pathway, inhibits endocytosis of the thyroid stimulating hormone receptor (TSHR) and promotes recycling back to the plasma membrane [@pone.0051130-Lahuna1].

Scribble (Scrb) was discovered as an apicobasal polarity protein and tumor suppressor in *Drosophila* embryonic epithelia [@pone.0051130-Bilder1], [@pone.0051130-Pagliarini1], but in mammals has been also implicated in planar cell polarity (PCP) [@pone.0051130-Murdoch1]. Scrb contains an N-terminal LRR (Leucin Rich Repeat) domain, which is necessary for association with the lateral cortex [@pone.0051130-Albertson1], [@pone.0051130-Zeitler1], and 4 PDZ domains, through which it can interact with β-Pix, a guanine nucleotide exchange factor for the Rac GTPase [@pone.0051130-Audebert1], and Vangl2, a PCP protein [@pone.0051130-Kallay1], amongst other partners. In MDCK epithelial cells grown in culture, Scrb is required for normal intercellular adhesion [@pone.0051130-Qin1]. When these cells are depleted of Scrb, they appear more fibroblastic. They spread over a larger surface area and cortical actin rings are replaced by numerous stress fibers [@pone.0051130-Qin1]. These effects are independent of β-Pix or of changes in Rac-GTP. Importantly, MDCK cells lacking Scrb are unable to attach to a surface coated with the extracellular domain of E-cadherin, suggesting that Scrb is required to promote E-cadherin-mediated cell-cell adhesion [@pone.0051130-Qin1].

The homophilic connections between cadherin molecules on adjacent cells are weak; however, clustering of cadherin molecules on the lateral surface of cells strengthens cell-cell adhesion [@pone.0051130-Brieher1]. Clustering is mediated by proteins that bind to intracellular regions of the adhesion molecules and by those that affect cytoskeletal architecture. They include the armadillo repeat-containing proteins β-catenin, γ-catenin (plakoglobin), and p120-catenin (p120), which directly bind to E-cadherin and promote its junctional localization and adhesive properties [@pone.0051130-Reynolds1]--[@pone.0051130-Huber1]. Association with p120 blocks endocytosis of E-cadherin and its degradation in the lysosome [@pone.0051130-Davis1]. The mechanisms that determine alternate fates of internalized E-cadherin remain unclear. After recruitment into early endosomes the protein can be recycled back to the plasma membrane or delivered via late endosomes to the lysosomes for degradation. The sorting nexin, SNX1 appears to promote E-cadherin recycling after stimulation of cells with EGF [@pone.0051130-Bryant2], while p120 is essential for its plasma membrane retention and to prevent degradation [@pone.0051130-Davis1]. Sorting nexins play several roles in cargo sorting, but in particular are required for retromer-mediated retrieval of cargo to the Golgi [@pone.0051130-Carlton1], [@pone.0051130-Bonifacino1].

In this study we address the mechanisms by which Scrb promotes E-cadherin adhesive activity. We discovered that Scrb stabilizes the p120catenin-E-cadherin coupling to reduce the rate of E-cadherin internalization and, unexpectedly, blocks retromer-mediated retrieval of E-cadherin to the Golgi, thus implicating Scrb in the control of vesicle sorting.

![Loss of Scrb causes E-cadherin accumulation into perinuclear vesicles.\
(A) MDCK cells stably expressing E-cadherin-GFP (Ecad-GFP) were nucleofected with either a control shRNA (LucKD) as a control or with an shRNA that specifically targets canine Scrb (ScrbKD), along with mRFP to mark transfected cells. Cells were plated on chambered coverslips and visualized live. Scale bars are 20 µm. (B) MDCK cells were nucleofected as in A, but using GFP as a transfection marker, then plated on slides for 2 d before fixing and staining for E-cadherin and GFP. (C) Normal localization of Ecad-GFP to the lateral membranes is rescued by expression of human, Flag-tagged Scrb with shRNA against the canine Scrb. (D) Cells were lysed in hypotonic buffer with no detergent, and centrifuged at 12,000×g for 10 min. Supernatant fractions were analyzed by immunoblot for adherens junction components. Tubulin was used as a loading control. The amounts of E-cadherin in the supernatant fractions were quantified and normalized to the intensities of the α-tubulin bands. Error bars represent mean +/− SEM (n = 3). (E) FRAP analysis of E-cadherin dynamics in GFP-E-cadherin MDCK stable cell line. Confocal sections of representative cells are shown before and after photobleaching. Curves show fluorescence recovery in control and knockdown cells (n = 5) (mean +/−1 SD). Mean intensities were adjusted for bleaching during imaging, normalized by subtraction of the residual fluorescence immediately after bleaching (∼35%) and analyzed using Prism software to fit a double-exponential model for recovery. Fluorescence intensity, I = A\*(1-exp(−K~1~\*t))+B\*(1−K~2~\*t)), where t = time after bleaching; K~1~ and K~2~ are rate constants, and A and B are the maximal fractional recoveries of Ecad-GFP in each component. For control cells, regression coefficient R^2^ = 0.55, for K~1~ = 0.05+/−0.025 sec^−1^, K~2~ = 0.0018+/−0.0034 sec^−1^, A = 0.15+/−0.039, and B = 0.31+/−0.37. For Scrb-depleted cells, R^2^ = 0.68, for K~1~ = 0.158+/−0.074 sec^−1^, K~2~ = 0.008+/−0.002 sec^−1^, A = 0.25+/−0.036, and B = 0.28+/−0.03. Equal amounts of whole cell lysates from control and ScrbKD MDCK II cells were analyzed by immunoblot for Scrb expression.](pone.0051130.g001){#pone-0051130-g001}

Materials and Methods {#s2}
=====================

Cell Lines and Constructs {#s2a}
-------------------------

MDCK T23 cells were obtained from Keith Mostov (UCSF, San Francisco, CA) [@pone.0051130-OBrien1]. The Ecad-GFP cell line was obtained from James Nelson (Stanford University, CA) [@pone.0051130-Adams1]. Scrb vectors were described previously [@pone.0051130-Qin1]. Scrb fragment constructs were generated by PCR and cloned into BamHI/EcoRI sites of pKGFP and pGEX vectors. To generate shRNAs against the canine p120catenin and Vps29, small interfering RNA primers were synthesized using rational design criteria as described previously [@pone.0051130-Qin1]. Sequences of the sense p120catenin and Vps29 oligonucleotides are as follows:

p120KD: 5′GATCCCCGCCAGAGGTAGTTCGGATATTCAAGAGATATCCGAACTACCTCTGGCTTTTTGGAAA;

Vps29KD1: 5′ GATCCCCGAGGAGACTTCGATGAGAATTCAAGAGATTCTCATCGAAGTCTCCTCTTTTTGGAAA;

Vps29KD2: 5′- GATCCCCGAATTATCCAGAACAGAAATTCAAGAGATTTCTGTTCTGGATAATTCTTTTTGGAAA.

![E-cadherin endocytosis is promoted in the absence of Scrb.\
(A) Schematic of experimental protocol to distinguish effects of Scrb depletion on delivery of E-cadherin to the plasma membrane versus on internalization of E-cadherin from the membrane. The rr1 antibody, which recognizes the extracellular domain of E-cadherin, will be retained at the plasma membrane at 4°C. Internalization is slow in control cells, so most of the antibody will still be at the plasma membrane after 2 h at 37°C. However, if internalization is accelerated by loss of Scrb, the rr1 antibody will be recruited along with E-cadherin into intracellular vesicles. (B) Control and Scrb-depleted Ecad-GFP cells were plated on 0.4 µm filters for 18 h. The E-cadherin extracellular domain-specific antibody (rr1) was added to the bottom wells and allowed to bind to cells for 1 h at 4°C. Cells were then washed to remove unbound antibody, incubated at either 4°C or 37°C for 2 h, then fixed and stained for the antibody (red) and for Scrb (blue). All images are confocal sections (Zeiss LSM 510; 40× oil immersion lens, NA 1.4). Scale bars are 20 µm. (C) Quantification of the overlap coefficient for colocalization of Ecad-GFP and rr1 (mean +/−1 SEM; n = 5 fields).](pone.0051130.g002){#pone-0051130-g002}

Sense and antisense oligonucleotides for shRNAs were purchased from IDT Technologies, annealed, phosphorylated, and ligated into the BglII and HindIII sites of pSUPER [@pone.0051130-Chen1].

![Internalized E-cadherin is retrieve to the Golgi in Scrb-depleted cells, is associated with retromer components, and requires retromer for Golgi accumulation.\
(A) Staining of Ecad-GFP expressing MDCK cells for mannose-6 phosphate receptor. Scale bars are 20 µm. (B) Co-localization of Ecad-GFP with the Golgi marker GM130. All images are confocal sections (Zeiss LSM 510; 40× oil immersion lens, NA 1.4). Overlap coefficients were determined using Openlab software (+/−1 SEM; n = 3). (C) Co-localization of Ecad-GFP with Golgi 58K. Overlap coefficients were determined using Openlab software (+/−1 SEM; n = 3).](pone.0051130.g003){#pone-0051130-g003}

Immunological Methods {#s2b}
---------------------

For analysis of total cell extracts by immunoblot, cells were scraped directly into Laemmli sample buffer. After SDS-PAGE, proteins were transferred to nitrocellulose and detected by chemiluminescence. For immunoblots of supernatant fractions, cells were washed with cold PBS and lysed in a detergent-free lysis buffer (50 mM Hepes, pH 7.4, 100 mM NaCl, 5 mM MgCl~2~, 0.5 mM EDTA, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 1 µg/ml DNase I, 1 mM DTT, and 1 mM PMSF). After 3 rapid freeze/thaw cycles, samples were cleared by centrifugation (20 min at 14,000 rpm). Supernatants were assayed for protein concentration using Bradford reagent then boiled in sample buffer. Antibodies used were as follows: anti-Scrb (1∶100), anti-Rap1 (1∶200), anti--β-catenin (1∶1,000), anti--E-cadherin (1∶1,000), anti-p120catenin (1∶1000; BD Biosciences); anti--α-tubulin (1∶2,500; Sigma-Aldrich); anti-GFP (1∶1000; Invitrogen); anti-GST (1∶5000;). HRP-conjugated secondary antibodies were used at a dilution of 1∶5,000--1∶10,000 (Jackson ImmunoResearch Laboratories). Band intensities were quantified using ImageJ.

![(A) Depletion of retromer component Vps29 blocks accumulation of E-cadherin in the Golgi.\
Ecad-GFP cells were nucleofected with shRNAs to silence Scrb and/or Vps29. After 3 d cells were fixed, permeabilized and stained for GM130 and GFP. A second shRNA against Vps29 gave identical results. Confocal images were all captured using the same channel settings. (B) Regions of interest were drawn around the Golgi area for individual cells and the mean pixel intensities were measured for GFP fluorescence. Histogram shows mean GFP fluorescence +/−1 SEM (n = 5). (C) Silencing of Scrb increases the association of E-cadherin with retromer component Vps29. Cells were nucleofected with shRNAs. After 48 h cell lysates were immunoprecipitated with anti-E-cadherin and blotted for associated Vps29. Band intensities were quantified using Image J (+/−1 SEM, n = 3).](pone.0051130.g004){#pone-0051130-g004}

For immunofluorescence, cells were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS, and blocked with 1% gelatin in PBS for 1 h before incubation with antibodies. For detection of Na/K-ATPase and E-cadherin, cells were permeabilized in methanol at −20°C for 10 min. Primary antibodies against Scrb (1∶50), p120catenin (1∶500), α**-**catenin (1∶500), E-cadherin (1∶500) β-catenin (1∶500), and GM130 (1∶500) were from BD Biosciences. Antibodies against Numb (1∶25) and Mannose 6-Phosphate receptor (1∶500) were from Abcam. Anti-Rab11a (1∶400) was from Invitrogen and anti-Afadin (1∶1000) and anti-Golgi 58K (1∶100) were from Sigma-Aldrich). Anti-Na/K ATPase (1∶250) was a gift from M. Caplan (Yale University, New Haven, CT). Alexa Fluor--conjugated secondary antibodies (Invitrogen) were used at a dilution of 1∶1,000. Alexa 546--conjugated phalloidin (Invitrogen) was used at a dilution of 1∶400; DRAQ5 (Cell Signaling) was used at a dilution of 1∶1000. Cells were mounted in Fluormount-G (SouthernBiotech). Lysotracker Red DND-99 was from Invitrogen.

![The E-cadherin/p120 interaction is disrupted in Scrb-depleted cells.\
(A) E-cadherin was immunoprecipitated from control and ScrbKD lysates as described in Methods, and the samples were blotted for p120. Band intensities were measured as described in Methods. Error bars = mean +/−1 SEM (n = 4). (B) Equal amounts of LucKD and ScrbKD total cell lysates were blotted for p120. Error bars indicate mean +/− SEM (n = 3). (C) β-catenin was immunoprecipitated from control and ScrbKD MDCK cell lysates and the samples were blotted for E-cadherin (mouse antibody) and β-catenin (rabbit antibody). Error bars indicate mean +/− SEM (n = 3). (D) Control and Scrb-depleted cells stably expressing Ecad-GFP were grown on slides for 48 h, then fixed and immunostained for p120 or β-catenin. Scale bars are 20 µm. Pixel intensities were measured across the lines shown and are displayed beneath the images. Quantification of co-localization between Ecad-GFP and the catenins was performed for multiple fields using Openlab. Error bars show mean +/−SEM (n = 5 fields per condition).](pone.0051130.g005){#pone-0051130-g005}

For immunoprecipitation experiments, cells were lysed in 50 mM Tris pH 7.5, 0.5% NP-40, 200 mM NaCl, 5 mM MgCl~2~, 1 mM DTT, 1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 2 mM Na~3~VO~4~ and1 µg/ml DNase I. In some experiments lysis was performed in a hypotonic buffer lacking detergent and salt. After passing through a sub-Q 261/2 needle, lysates were centrifuged for 15 min at 10,000×g. Supernatants were immunoprecipitated for 2 h using the indicated antibodies and sheep anti-mouse IgG or sheep anti-rabbit IgG conjugated Dynabeads (Invitrogen). Samples were washed 4× in lysis buffer and once in PBS then eluted in sample buffer.

![Diversion of E-cadherin to the Golgi is independent of p120.\
(A) Silencing Scrb reverses the loss of E-cadherin caused by depletion of p120. MDCK cells were transfected with shRNAs as shown, and incubated for 3d. Lysates were blotted for Scrb, p120 and endogenous E-cadherin. Tubulin was used as a loading control. Note the rescue of E-cadherin expression in the p120/Scrb double knockdown, as compared to the p120 single knockdown. (B) Silencing of Scrb diverts E-cadherin to the Golgi in cells lacking p120. Silencing of p120 alone results in the internalization and destruction of E-cadherin. Cells were stained for GM130 as a Golgi marker. Scale bars are 20 µm. (C) Schematic for Scrb function in regulating E-cadherin localization and recycling. Scrb is proposed to have two separate functions, first to stabilize p120 association with E-cadherin, and second to block retromer association with internalized E-cadherin, preventing its diversion to the Golgi.](pone.0051130.g006){#pone-0051130-g006}

Imaging and Fluorescence Recovery after Photobleaching (FRAP) {#s2c}
-------------------------------------------------------------

Confocal images were captured using an LSM510 Meta microscope (Carl Zeiss, Thornwood, NY), using a 40× (1.4 NA) or 100× (1.3 NA) oil immersion lens. Phase-contrast images were captured on a TE200 widefield microscope (Nikon, Tokyo, Japan) using a 10× lens and an Orca charge-coupled device camera (Hamamatsu, Bridgewater, NJ). Images were converted to TIFF format using ImageJ and processed using the Adobe Photoshop CS4 Levels tool (Adobe Systems, Mountain View, CA) to enhance contrast.

For FRAP assays, Ecad-GFP cells [@pone.0051130-Adams1] were transfected with either LucKD or ScrbKD plasmids. After 48 h, cells were subjected to photobleaching and imaged by confocal microscopy (Meta LSM510; Carl Zeiss), using a 100× oil immersion lens (1.3 NA). Cells were imaged with a 488-nm laser line at 75% power, 5% transmission. For photobleaching, regions of interest (ROIs) were selected between two adjacent transfected cells and bleached with the 488-nm laser line, at 75% power, 100% transmission for 3 iterations. Recovery within the ROI was monitored for 400 s. For each sample, images were recorded prebleach, and at various times postbleach. For all datapoints, mean intensities were adjusted for bleaching during imaging, normalized by subtraction of the residual fluorescence immediately after bleaching (∼35%) and analyzed using Prism software to fit a double-exponential model for recovery.

Protein Expression and Rap Activity Assays {#s2d}
------------------------------------------

GST--Scrb fragments and GST-Ral1GDS were prepared as described previously [@pone.0051130-Dorfman1]. Assays were performed as described previously using a GST fusion of the Rap1 binding domain of Ral1 to capture Rap1-GTP [@pone.0051130-Asuri1].

E-cadherin Internalization Assay {#s2e}
--------------------------------

LucKD or ScrbKD transfected cells were seeded onto 0.4 µm filters for 24 h. After culturing cells in serum-free medium for 1 h, medium containing anti-E-cadherin ectodomain antibody- rr1 (University of Iowa, Hybridoma Bank) at a concentration of 10 µg/ml was added to the bottom chamber of the filter plates. Cells were incubated with antibody for 1 h at 4°C and then rinsed thoroughly to remove unbound antibody. Treated cells were then incubated in culture media at either 4°C or 37°C for 3 h, fixed, permeabilized, and stained with an anti-mouse Alexa 546 secondary to detect the rr1 antibody.

Results {#s3}
=======

Scrb Depletion Causes an Accumulation of E-cadherin in Perinuclear Vesicles {#s3a}
---------------------------------------------------------------------------

Previously, we had shown that Scrb depletion disrupts lateral membrane organization, but had not detected significant internalization of E-cadherin [@pone.0051130-Qin1]. However, direct visualization of Ecad-GFP showed that loss of Scrb causes a substantial fraction of the protein to accumulate into intracellular vesicles, clustered in the perinuclear region of the cell ([Fig. 1A](#pone-0051130-g001){ref-type="fig"}). Ecad-GFP is fully functional and localizes correctly to adherens junctions [@pone.0051130-Adams1]. The use of a methanol/acetone mixture to fix cells can lead to the disruption of vesicular structures, so we repeated our immunostaining for endogenous E-cadherin after fixation with paraformaldehyde, followed by permeabilization with methanol. Under these conditions, internalization of the E-cadherin into intracellular vesicles can clearly be seen in cells depleted of Scrb ([Fig. 1B](#pone-0051130-g001){ref-type="fig"}). Note that, as we showed previously [@pone.0051130-Qin1], loss of Scrb causes the cells to flatten and become more fibroblastic in appearance so that, when imaged en face, they appear much larger than the control epithelial cells (which have vertical lateral membranes), and a greater percentage of the E-cadherin is in focus in a confocal z-section. Importantly, the expression of Flag-tagged human Scrb, which is not targeted by the shRNA against canine Scrb, was capable of fully rescuing the cortical localization of GFP-Ecad, demonstrating that the effect on internalization of E-cadherin is specifically caused by loss of Scrb, rather than off-target responses ([Fig. 1C](#pone-0051130-g001){ref-type="fig"}).

As a biochemical test for vesicular redistribution of E-cadherin, MDCK cells expressing the LucKD or ScrbKD shRNAs were ruptured in hypotonic lysis buffer, and centrifuged to separate cytoskeleton-associated structures, nuclei, and other large organelles, from smaller vesicles. The supernatants were analyzed by immunoblot. Although loss of Scrb does not cause any change in total E-cadherin levels ([Fig. 1D right panel](#pone-0051130-g001){ref-type="fig"}, and [@pone.0051130-Qin1]) the band intensity was significantly higher in Scrb-depleted supernatants as compared to the control ([Fig. 1D, left panel](#pone-0051130-g001){ref-type="fig"}), consistent with a shift of E-cadherin, and its associated proteins α- and β-catenin, into small vesicles. To assess the effect of silencing Scrb on E-cadherin dynamics at the cell membrane, we used FRAP on the Ecad-GFP cell line. Junctional regions between adjacent cells were selected for bleaching, where pixels were unsaturated (white box, [Fig. 1E](#pone-0051130-g001){ref-type="fig"}), and average intensity was monitored during recovery. The initial bleach reduced the fluorescence intensity by ∼67%. Recovery was characterized by a rapid recovery phase (T1/2 ∼ 60s) followed by a much slower recovery. The recovery curves could not be described using a single exponential model, but were well-fit to a double exponential model in which the rate constant for the rapid phase was \>3× higher for cells depleted of Scrb ([Fig. 1E](#pone-0051130-g001){ref-type="fig"}), while there was no significant difference in the rate constants for the slow phase of recovery. The rapid initial phase was also ∼2× larger for Scrb-depleted cells than the control. The dynamics of the initial phase are too fast to represent delivery of protein from intracellular vesicles, since delivery of newly synthesized E-cadherin occurs on a timescale of hours [@pone.0051130-Davis2]. Most likely, therefore, this phase corresponds to lateral diffusion of the E-cadherin within the plasma membrane.

To determine whether Scrb depletion causes a general defect in membrane protein traffic, we examined the localization of another lateral membrane-associated protein, the Na/K ATPase. As expected, in control cells Na/K ATPase was associated exclusively with the lateral cell boundaries, but the protein was also on the lateral membranes in ScrbKD cells, and was not detectable in intracellular vesicles ([Fig. S1A](#pone.0051130.s001){ref-type="supplementary-material"}). We conclude that Scrb is required specifically for the stabilization of E-cadherin at the cell cortex.

Loss of Scrb Promotes Endocytosis of E-cadherin {#s3b}
-----------------------------------------------

We next asked if the intracellular accumulation of E-cadherin in Scrb-depleted cells is caused by a defect in the delivery of the protein to the surface or because of an increase in the rate of endocytosis. To distinguish these possibilities, cells expressing Ecad-GFP were transfected with Luc or Scrb shRNAs then incubated at 4°C with an antibody specific to the extracellular domains of the canine E-cadherin (rr1) [@pone.0051130-Wang1]. After washing out unbound antibody, the cells were further incubated at either 4°C (restrictive temperature), or at 37°C (permissive temperature) for 2 h to allow endocytosis to take place. Cells were then fixed to examine the distribution of Ecad-GFP and the rr1 ectodomain antibody ([Fig. 2A](#pone-0051130-g002){ref-type="fig"}). In control cells, most of the antibody remained at the cell surface ([Fig. 2B](#pone-0051130-g002){ref-type="fig"}). In Scrb-depleted cells maintained at 4°C, at which temperature endocytosis is blocked, the antibody was also predominantly at the cell cortex, even though internalized Ecad-GFP was visible -- either from new synthesis or as a result of endocytosis prior to rr1 addition. However, in Scrb-depleted cells that had been switched to 37°C for 2 h, the antibody was recruited efficiently to the perinuclear region where Ecad-GFP had accumulated ([Fig. 2B](#pone-0051130-g002){ref-type="fig"}) as reflected by the significant increase in the overlap coefficient ([Fig. 2C](#pone-0051130-g002){ref-type="fig"}). These data suggest that loss of Scrb promotes endocytosis of E-cadherin, and that E-cadherin must be replenished at the plasma membrane by internal pools.

As an independent assay for internalization, we performed FRAP on the internalized Ecad-GFP in Scrb depleted cells. Under conditions blocking de novo protein synthesis (cycloheximide addition), a partial recovery of perinuclear GFP fluorescence occurred after bleaching, within 30 min at 37°C ([Fig. S1](#pone.0051130.s001){ref-type="supplementary-material"}). Since Ecad-GFP synthesis had been blocked, the perinuclear fluorescence must represent protein that had been retro-trafficked from the cortex.

Internalized E-cadherin is Transported to the Golgi in Scrb-depleted Cells {#s3c}
--------------------------------------------------------------------------

We next sought to identify the membrane compartment into which E-cadherin accumulates after Scrb depletion. Partial colocalization was observed with Rab11, a marker of recycling endosomes, and with Golgin-97, which marks the trans-Golgi network (TGN) and late endosomes ([Fig. S2](#pone.0051130.s002){ref-type="supplementary-material"}). Partial overlap was also seen with the mannose-6-phosphate receptor, which recycles through the TGN [@pone.0051130-Lin1] ([Fig. 3A](#pone-0051130-g003){ref-type="fig"}). However, the Golgi markers GM130 and Golgi 58K showed almost complete colocalization ([Figs. 3B--C](#pone-0051130-g003){ref-type="fig"}). Numb, an endocytic adapter protein thought to be involved in E-cadherin trafficking [@pone.0051130-Wang2], remained tightly associated with the internalized cadherin ([Fig. S2C](#pone.0051130.s002){ref-type="supplementary-material"}). In addition, the perinuclear organization of the internalized E-cadherin was disrupted by addition of brefeldinA, which causes disintegration of the Golgi apparatus ([Fig. S2D](#pone.0051130.s002){ref-type="supplementary-material"}). We conclude, therefore, that loss of Scrb results, unexpectedly, in the endocytosis and retrieval of E-cadherin to the Golgi apparatus.

Scrb Depletion Promotes the Binding of E-cadherin to Retromer Components {#s3d}
------------------------------------------------------------------------

Cargo is commonly retrieved from the endosomal compartment to the Golgi via retromer complexes, which consist of various members of the sorting nexin (Snx) family plus a trimer of Vps26, Vps29, and Vps35 [@pone.0051130-Bonifacino1]. Consistent with a role for retromer in E-cadherin trafficking to the Golgi, silencing of Vps29 significantly reduced E-cadherin accumulation in the Golgi of Scrb-depleted cells ([Fig. 4A--C](#pone-0051130-g004){ref-type="fig"}), and E-cadherin was instead trapped in small vesicles scattered throughout the cytoplasm. A similar distribution was observed in WT cells depleted of Vps29 ([Fig. 4A](#pone-0051130-g004){ref-type="fig"}), possibly caused by a block in recycling to the plasma membrane. Consistent with a role for retromer in recruitment of E-cadherin to the Golgi, the amount of E-cadherin in association with endogenous Vps29 was low in control cells but was significantly increased by Scrb depletion ([Fig. 4D](#pone-0051130-g004){ref-type="fig"}). In addition, the recruitment of added rr1 antibody to perinuclear vesicles was reduced by depletion of Vps29 ([Fig. S3](#pone.0051130.s003){ref-type="supplementary-material"}). Taken together, these data support a role for retromer in the diversion of E-cadherin to the Golgi in Scrb-depleted cells.

The E-cadherin/p120catenin Interaction is Disrupted in Cells Lacking Scrb {#s3e}
-------------------------------------------------------------------------

Does internalization of E-cadherin in Scrb-depleted cells result from a loss of junctional stability? Uncoupling of E-cadherin and p120 in mammalian epithelial cells disrupts adhesion and causes E-cadherin to be rapidly internalized and degraded [@pone.0051130-Davis1], [@pone.0051130-Thoreson1]. Therefore, we examined the interaction between these two proteins. Co-immunoprecipitations showed that the E-cadherin/p120 interaction is significantly diminished by loss of Scrb ([Fig. 5A](#pone-0051130-g005){ref-type="fig"}). The level of co-precipitated p120catenin from Scrb-depleted cells was reduced as compared to the control, although total p120catenin levels remained unchanged ([Fig. 5B](#pone-0051130-g005){ref-type="fig"}). The dissociation of p120 from E-cadherin was specific, because similar experiments to examine the E-cadherin/β-catenin complex showed no change in binding with loss of Scrb ([Fig. 5C](#pone-0051130-g005){ref-type="fig"}).

Moreover, although E-cadherin and p120catenin in control cells colocalize almost completely, silencing of Scrb caused a significant redistribution of p120 into the cytoplasm, as assessed by quantification of the overlap coefficient [@pone.0051130-Manders1] and by linescans ([Fig. 5D](#pone-0051130-g005){ref-type="fig"}). These data are consistent with a partial disassociation from E-cadherin. By contrast, β-catenin remained strongly co-localized with E-cadherin in Scrb-depleted cells, on intracellular structures as well as at the disorganized lateral membrane, and was not diffusely distributed through the cytoplasm ([Fig. 5D](#pone-0051130-g005){ref-type="fig"}). Additionally, other cadherin binding proteins such as α-catenin and γ-catenin also remained co-distributed with E-cadherin in Scrb-depleted cells ([Fig. S4A](#pone.0051130.s004){ref-type="supplementary-material"}), indicating that the loss of p120/E-cadherin binding in these cells is highly specific. To test whether the disassociation of p120 caused by Scrb depletion might drive the internalization of E-cadherin, we reduced p120 levels by RNAi in cells expressing Ecad-GFP. As expected under these conditions [@pone.0051130-Davis1], the amount of E-cadherin is greatly reduced ([Fig. S4B](#pone.0051130.s004){ref-type="supplementary-material"}, C); however, when the image brightness is increased, a fraction of the remaining Ecad-GFP can be detected in intracellular vesicles, though not in the same perinuclear pattern as occurs following depletion of Scrb ([Fig. S4C](#pone.0051130.s004){ref-type="supplementary-material"}). Loss of Scrb did not cause any detectable changes in the activities of known downstream effectors of p120-mediated signaling, such as the small GTPase Rap1 ([Fig. S4D](#pone.0051130.s004){ref-type="supplementary-material"}). Taken together, these data support a model in which Scrb normally stabilizes the association of p120 with E-cadherin, which reduces the dynamics of E-cadherin at the junctions and prevents endocytosis.

Scrb is Required for Targeting of Internalized E-cadherin to the Lysosomes {#s3f}
--------------------------------------------------------------------------

Loss of p120 has been shown previously to result in the rapid degradation of internalized E-cadherin, mediated both by the proteosome and by transport to lysosomes [@pone.0051130-Davis1]. Why then would the consequences of a reduced association of p120 with E-cadherin, caused by Scrb depletion, be different, leading to Golgi retrieval, instead of degradation? To examine this problem, we first confirmed by fluorescence imaging of Ecad-GFP and by immunoblotting of the endogenous protein that silencing of p120 results in the loss of E-cadherin ([Fig. S4B](#pone.0051130.s004){ref-type="supplementary-material"}, C). Next, to test whether the protein is targeted to lysosomes in p120-depleted cells we added leupeptin, a potent inhibitor of lysosomal proteases, for 4 h prior to imaging, then added Lysotracker for 10 min and imaged the live cells. As shown in [Fig. S5](#pone.0051130.s005){ref-type="supplementary-material"}, little colocalization was detected in control cells between Ecad-GFP and Lysotracker in the absence of leupeptin, but was clearly visible in cells lacking p120catenin. GFP accumulation in lysosomes was enhanced substantially by leupeptin and was higher in the p120-depleted cells. These observations are consistent with targeting of E-cadherin to the lysosomes in wild type cells, a process that is increased by loss of p120.

An important conclusion from our study is that Scrb not only helps to maintain E-cadherin at the cell cortex by promoting interaction with p120, but also plays a key role in blocking retromer binding and retrieval of E-cadherin to the Golgi, ensuring its degradation in lysosomes. A strong prediction from this model is that depletion of Scrb should over-ride the effect of silencing p120 and rescue E-cadherin expression, by switching traffic from the lysosomal pathway to Golgi retrieval. We tested this prediction by performing double knockdowns. As assessed by immunoblot ([Fig. 6A](#pone-0051130-g006){ref-type="fig"}) endogenous E-cadherin levels were not altered by Scrb depletion, were reduced by p120catenin depletion, but were efficiently rescued when both proteins were silenced. Silencing of Scrb did not alter the efficiency of knockdown by the shRNA against p120 ([Fig. 6A](#pone-0051130-g006){ref-type="fig"}). Immunofluorescence staining was consistent with the immunoblot data ([Fig. 6](#pone-0051130-g006){ref-type="fig"} B): Ecad-GFP fluorescence was dramatically reduced by p120 depletion, but co-depletion of Scrb rescued Ecad-GFP expression and targeted the fusion protein to the Golgi. Note that the cortical Ecad-GFP fluorescence was also brighter in the double knockdown than in cells depleted of p120catenin alone, suggesting that the retrieved cadherin can be recycled back to the membrane even in the absence of p120.

Discussion {#s4}
==========

The function of Scrb in mammalian cells has remained somewhat mysterious. Although essential for apical/basal polarity in *Drosophila* epithelia [@pone.0051130-Bilder1] it does not appear to perform a similar function in vertebrates. Instead, it is needed for planar cell polarity, perhaps through interaction with the Vangl tetraspanin proteins [@pone.0051130-Murdoch1]. There is also some evidence of an involvement in vesicle traffic. Scrb binds to the C-terminus of the TSH receptor and over-expression of Scrb can inhibit TSHR endocytosis, through a βPIX-GIT1-ARF6 pathway [@pone.0051130-Lahuna1]. We have found that Scrb is also required for intercellular adhesion through E-cadherin, but through a mechanism independent of βPIX [@pone.0051130-Qin1]. In addition, we found no evidence for any change in ARF6 activity following depletion of Scrb in MDCK cells (data not shown). We propose that Scrb promotes p120 association with E-cadherin, which stabilizes E-cadherin at the lateral cortex, ([Fig. 5C](#pone-0051130-g005){ref-type="fig"}). Reciprocally, expression of E-cadherin is necessary for the localization of Scrb to the adherens junction, presumably through p120 [@pone.0051130-Navarro1]. In our earlier study we had not observed intracellular E-cadherin in Scrb-depleted cells, and cell surface biotinylation did not detect any reduction in surface-exposed E-cadherin [@pone.0051130-Qin1], but using more efficient Scrb depletion and improved immunofluorescence assays, unequivocally identified internalized E-cadherin retrieval to the Golgi apparatus. The reason that no significant decrease in biotinylated E-cadherin was detected in our previous study might be a consequence of differences in accessibility of the protein between wild type cells, where junctions are stable, versus Scrb-depleted cells in which intercellular adhesion is reduced. Trans-dimerization between E-cadherin molecules on adjacent cells will hold the plasma membranes sufficiently close together that diffusion of the biotinylation reagent is likely to be reduced, so that labeling would be sub-stoichiometric. This effect would be substantially less in Scrb-depleted cells, so labeling would be more efficient, even though there is less E-cadherin available to be labeled, resulting in a similar total level of labeling as in the wild type cells.

In terms of mechanism, we have discovered that Scrb blocks the association of E-cadherin with a retromer complex containing Vps29, preventing retrieval of the protein to the Golgi apparatus. A consequence of this blockage is that any endocytosed E-cadherin is normally sorted to the lysosomes for degradation rather than being recycled. Importantly, targeting to either compartment is independent of p120 binding to E-cadherin, because the cadherin can enter either pathway in the absence of p120: the lysosomal pathway in the presence of Scrb, or the retrieval pathway in the absence of Scrb. Therefore, the association of Scrb with p120 must be independent of Scrb's ability to block retrieval ([Fig. 5C](#pone-0051130-g005){ref-type="fig"}). Scrb might either block recruitment of retromer, or it might help recruit factors that sort E-cadherin to the lysosomes.

Our data provide evidence that a polarity protein can select the itinerary for internalized membrane proteins, and the first indication that a polarity protein regulates the retromer pathway. In *Drosophila* ectoderm the loss of Par-6, Par-3 or Cdc42 can cause arrest of endocytosed apical proteins or of E-cadherin in early endosomes [@pone.0051130-Georgiou1], [@pone.0051130-Harris1], [@pone.0051130-Leibfried1], and in *C. elegans* the polarity proteins are required for efficient endocytosis and recycling [@pone.0051130-Balklava1]; but these studies did not identify a switch in cargo trafficking from one destination to another. The Crumbs polarity protein is a known cargo for the retromer complex, and depends on retromer for recycling to the apical membrane [@pone.0051130-Pocha1]. However, it remains unknown if endocytosed Crumbs passes through the Golgi before being recycled. Important questions for the future are whether mammalian Scrb regulates sorting of other cargo in addition to E-cadherin and the TSHR, and whether Scrb acts to interfere sterically with retromer recognition of E-cadherin, or alters the type of sorting nexin that associates with the endocytosed protein. It will also be interesting to know whether this new function of Scrb plays any role in planar cell polarity.
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###### 

**Effects of Scrb depletion on lateral membranes and E-cadherin.** (A) Control and Scrb-depleted cells cells were plated on slides for 2 d then fixed and stained for Na/K ATPase and GFP. GFP was used as a transfection marker. (B) FRAP of Ecad-GFP in MDCK cells. Cells nucleofected with shRNA against Scrb were incubated for 3 d then placed at 37°C on the stage of a Zeiss LSM510 Meta confocal microscope. Areas of interest were drawn within individual cells to encircle the Golgi and were bleached using 3 iterations at 100% transmission, 75% laser power with the 25 watt argon laser. Cells were imaged at intervals after bleaching using 3% transmission. Two sets of representative images are shown, pre-bleach, bleach and 30 min post-bleach.

(PDF)

###### 

Click here for additional data file.

###### 

**Localization of internalized Ecadherin.** Control and Scrb-depleted Ecad-GFP cells were grown on slides for 48 h, fixed and immunostained for (A) Golgin-97, or (B) Rab11. (C) Cells were stained for endogenous E-cadherin and Numb. (D) Cells expressing Ecad-GFP were nucleofected with shRNAs as shown then treated with 1 mM brefeldin dissolved in DMSO, to a final concentration of 10 uM; or with an equivalent amount of DMSO alone as a negative control, for 2 h, and imaged for Ecad-GFP distribution. All images are confocal sections (Zeiss LSM 510; 40× oil immersion lens, NA 1.4).

(PDF)
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Click here for additional data file.

###### 

**Silencing of Vps29 blocks Golgi accumulation of endocytosed E-cadherin.** Cells were incubated for 1 hr at 4°C with the RR1 antibody against the extracellular domain of E-cadherin. They were then washed to remove free RR1, and either left at 4°C or switched to 37°C for 4 h. The cells were then fixed, permeabilized and stained for total E-cadherin and for the RR1 antibody. White arrows show the accumulation of E-cadherin and RR1 in perinuclear regions in cells depleted of Scrb alone. All images are confocal sections (Zeiss LSM 510; 40× oil immersion lens, NA 1.4).
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Click here for additional data file.

###### 

**Internalized E-cadherin remains associated with α- and γ-catenin.** (A) Cells expressing Ecad-GFP were transfected with shRNA vectors as shown (LucKD as a control, or ScrbKD to silence Scrb expression) and after 3d they were fixed and stained for α-catenin or γ-catenin and imaged by confocal microscopy. Representative line scans are shown. In addition, 5 fields per condition were quantified for overlap of the red and green channels and overlap coefficients were calculated using Openlab software. No significant differences were observed between the control and Scrb-depleted cells. (B) Immunoblot of lysates from cells nucleofected with shRNAs targeting Scrb or p120catenin, showing destruction of E-cadherin is promoted by loss of p120catenin but not Scrb. (C) Localization and expression of Ecad-GFP in cells nucleofected as in (B). (D) Control and Scrb-depleted cells were incubated in calcium-free medium overnight, then switched to calcium-containing medium and lysed at indicated times after calcium re-addition. Active Rap1GTPase was precipitated onto glutathione-Sepharose beads bound to GST Ral1-GDS. Samples were analyzed by immunoblot for Rap1 to detect Rap1-GTP. Band intensities were quantified using ImageJ and normalized to total Rap1 in the lysates.
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Click here for additional data file.

###### 

**Depletion of p120catenin drives E-cadherin to the lysosomes.** MDCK cells expressing Ecad-GFP were nucleofected with control or p120catenin-targeted shRNAs, and grown on chambered coverslips. After 3 d some chambers were treated with 100 µg/ml of leupeptin to inhibit lysosomal proteases. After 2 h, red Lysotracker Red DND-99 was added to a final concentration of 100 nM. The cells were then imaged live, at 37°C, by confocal microscopy. Overlap coefficients were calculated using Openlab software. Boxes on right provide a 3× magnification of the regions outlined in white on the merged images. The green channel was enhanced using Photoshop Levels to stretch the contrast from 0 -\>255 to the values shown.

(PDF)

###### 

Click here for additional data file.
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